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Walaupun membran seramik mempunyai rintangan yang tinggi terhadap haba dan
bahan kimia, kebolehtelapannya adalah lebih rendah berbanding dengan membran organik.
Selain daripada mengurangkan ketebalan membran yang akan menyebabkan kecacatan,
membran seramik dioptimumkan dalam kajian ini dengan memperkenalkan membran seramik
berliang dwimod yang dipencontohkan dengan sfera polistirena bersaiz nano. Dalam
membran silikaly-alumina, lapisan y-alumina berliang dwimod digunakan sebagai lapisan
pertengahan dengan berjaya untuk mengurangkan rintangan pengankutan. Untuk membina y-
alumina berliang diwmod, sfera polistirena (diameter R! 50 nm) ditambahkan ke dalam sol
boehmit. Sol mempamerkan aspek yang berlainan dalam kehilangan berat dan kelikatan.
Selepas dikalsin pada 500°C untuk 1 jam, pencontoh disingkirkan dengan pengecutan liang
yang kecil. Untuk 20 ml sol boehmit, kuantiti pencontoh kurang daripada 0.5 g dicadangkan
untuk mencipta liang-liang sekundar tersusun. Dengan mengguna kaedah pencirian
penjerapanlpenyaherapan N2, sampel y-alumina yang dioptimumkan menunjukkan diameter
liang primer 5 - 6 nm dengan isipadu liang sekunder yang agak rendah. Digunakan sebagai
lapisan pertengahan, membran y-alumina berliang dwimod banyak mengurangkan rintangan
pengangkutan membran dwi-lapis. Rintangan spesifik lapisan silika dikurangkan hampir 62 %
apabila disokong atas lapisan y-alumina berliang dwimod yang dioptimumkan. Kaedah gerak
balas permukaan dengan rekabentuk pusat komposit dijalankan untuk mengkaji pengaruh
keadaan operasi umum ke atas kualiti dan kuantiti telapan apabila membran silika/g-alumina
dengan lapisan pertengahan berliang dwimod yang dioptimumkan diaplikasikan dalam
penaplsan-nano campuran pewarna-garam-air. Penolakan perwarna dicapai lebih tinggi
daripada 90 %. Model mencadangkan penahanan garam dipengaruhi oleh tekanan, kepekatan

























Although ceramic membranes possess great resistance toward heat and chemicals, the
permeability of ceramic membranes is relatively low compared to organic membranes.
Instead of reducing membrane thickness which induces defects; the ceramic membrane was
optimized in this study by introducing bimodal porous ceramic membrane templated by
nanosized polystyrene spheres. In silica/y-alumina membrane, bimodal porous y-alumina layer
was successfully utilized as intermediate layer in order to reduce transport resistance. For
tailoring bimodal porous y-alumina, polystyrene spheres (diameter l:::: 50 nm) were added into
boehmite sol. The sol exhibited fairly different aspect in weight loss and viscosity. After
calcined at 500 DC for 1 hr, template was removed with small pore shrinkage. For 20 ml
boehmite sol, template quantity less than 0.5 g was recommended for creating ordered
secondary pores. Characterized using N2 adsorption/desorption, the optimized y-alumina
samples showed primary pore diameter of 5 - 6 nm with relatively low secondary pore
volume. Utilized as intermediate layer, bimodal porous y-alumina membrane reduced the
transport resistance of bi-layered ceramic membrane greatly. Specific resistance of silica layer
reduced nearly 62 % when supported on the optimized bimodal porous y-alumina layer.
Response surface method with central composite design was performed to study the influence
of common operating conditions on the quality and quantity of permeate when the optimized
silica/y-alumina membrane with bimodal porous intermediate layer was applied in the
nanofiltration of dye-salt-water mixture. The rejection of dye achieved more than 90 %. The
model suggested that the salt retention was affected by pressure, the feed concentration of dye


























In overall, the main objectives of the project have been successfully achieved. A porous
ceramic membrane with a bimodal pore size distribution has been synthesized and characterized. A
simple templating method was used to control secondary pore size and pore order. The separation
ability and mass transfer phenomenon of the bimodal porous ceramic membrane was also studied. In
the dye-salt-water mixture separation test, the separation ability of the bimodal porous ceramic
membrane was optimized in order to achieve high rejection of dye. The following sections report on
the results obtained from this research.
1. Introduction
Membrane technology is energy efficient and cost effective. It represents promising
alternative to conventional separation methods such as energy-intensive distillation, cryogenic
separation and pressure swing adsorption (Baker, 2000). Ceramic membranes have the advantages of
thermal stability, solvents and chemicals resistance, sterilization ability and biocompatibility compared
to polymeric membranes (Buggraaf and Keizer, 1991). They are not only widely applied in separation
and purification, but also in fuel cells and catalytic membrane reactors. Among the ceramics
membranes, porous silica membranes have drawn the greatest attention from researchers and
technologists. Silica membranes show promising molecular sieving characteristics in gas separation
(Uhlhorn et at., 1989). Besides that, silica membranes have been successfully utilized in pervaporation
(Sekulic et at., 2004) and electrolyte separation (Samuel de Lint et at., 2006). Porous silica membranes
with tunable pore sizes can be processed by simple sol-gel method or chemical vapor deposition
(CVD). More importantly, silica membrane can even be templated with orderly arranged mesopores,
uniform pores, enormous surface area and high pore volume using surfactant (Lin, 2001).
In general, macroporous supports are coated with an intermediate layer (such as y-alumina or
titania) prior to the deposition of silica membrane. It is difficult to coat silica membrane directly on
macroporous supports with pore sizes substantially larger than 50 nm due to occurrence of defects
(Tsai et at., 2000). Besides facilitating the deposition of a defect-free overlying silica thin layer,
intermediate layer also improves the electrolyte retention at pH values close to iso-electric points (IEP)
of separating layer (Samuel de Lint et at., 2006). However, the permeate flux is largely reduced when
a bi-Iayered membrane is utilized. Chowdhury et. al. (2006) demonstrated that intermediate layer
contributes significant transport resistance in silica/y-alumina membrane which reduces the
applicability of silica membranes. To further improve permeability of silica/y-alumina membrane, Tsai
et at.(2000) have introduced additional coating of surfactant templated silica between y-alumina and























which located between the silica/y-alumina membrane and membrane support. The thickness of the y-
alumina membrane was reduced in the four layers configuration. Apart from creating more
hierarchical structure, some researchers such as Lee et al. (2005) and So et al. (1998) used soaking and
vapor-deposition (SVD) method to create thin and uniform membrane as intermediate layer in the
porous support. In this study, the permeability of ceramic membrane was improved by introducing
bimodal porous intermediate layer templated by nanosized polystyrene beads. Although the
preparation of ceramics with a bimodal porous structure is greatly reported, not much work was
published on the synthesis of ceramic membranes with a bimodal pore size distribution. Penaa-Alonso
et al. (2007) only described the preparation of a porous silicon-titanium oxycarbide membrane with a
bimodal pore size distribution. Meanwhile, Tsuru et al. (2006) synthesized a bimodal porous a-
alumina membrane for steam reforming of methane. Owing to the lack of related work, it is important
to synthesize thin layers of ceramics with a bimodal pore size distribution and to understand their
characteristics in liquid separation tests.
2. Methodology
2.1 Preparation ofbimodal porous silica/y-alumina membrane
In the preparation of v-alumina, a boehmite sol was synthesized using the sol-gel method
described by Lambert and Gonzalez. (1999). Polyethylene glycol, PEG (Merck Company, Malaysia)
was added into de-ionized water as a binder; the amount ofPEG is 2 wt% of final solution. Aluminum
secbutoxide (Fluka, Malaysia) was the sol precursor which allowed open stirring to evaporate butanol
at 85°C for 15 min. Dilute HCI (Merck Company, Malaysia) was then added as a peptization agent
with the final molar ratios ofAI.·H20: HCI = 1:100:0.07. The resulting solution was stirred for 16 h at
80°C in a closed container to form a clear, stable boehmite sol. Later, nanosized polystyrene beads (ca.
50 nm in diameter) were synthesized through emulsion polymerization (Gilbert, 1995). The latex was
washed with distilled water using an ultrafiltration membrane and then freeze dried. 0.5 g of nanosized
polystyrene eads was added into 20 ml of boehmite sol and stirred overnight. This sample was labeled
as A050. Using the same method, sample A025 was prepared by adding 0.25 g nanosized polystyrene
beads. Then, alumina supports were dip coated with boehmite sol (labeled as AOOO), A025 and A050.
The porous membrane supports used in this work are a-alumina discs with diameter of 28.0 mm and
average thickness of 1 mm. After dip coating, the nanosized polystyrene beads in A025 and A050
were assembled using vacuum iltration force. All dried samples were calcined at 500°C for 1 h to
form v-alumina with different pore structures. The silica sol synthesis was carried out as reported by
Honma et at. (2000). In this method, a mixture of tetra-ethoxyorthosilicate (8 ml, Fluka) and 1-
propanol (17.5 ml, Fluka) was stirred in a 100 ml flask at 600 rpm for 5 min. HCI was then added as
hydrolyzing agent (0.33 ml (36 N) HCI solution in 2 ml water) and was stirred for 60 min. Co-solvent
2-butanol (8.8 ml, Fluka) was added and was stirred for another 30 min. In the final step, 1.75 g of























The surfactant solution was poured into the silica solution and the mixture was stirred for 60 min. The
sol was then deposited on top of different types of intermediate layers (AOOO, A050 and A025) and
also on the a-alumina support. The silica coated supports were calcined at 450°C for 90 min in air
with heating and cooling rates of 0.2 °C/min.
2.2 Characterization methods
X-ray diffraction (XRD) patterns of the samples AOOO, A025 and A050 were measured at
room temperature using a Philips Goniometer PW1820, diffractometer PW 1710 and X-ray generator
PWl729. The phase analysis was done in the range of 10°<28<70° (AOOO, A025 and A050) at a
wavelength A=1.54060A. The samples were ground into fine powders before analysis. Then,
transmission electron microscopy (TEM) was used to observe the microstructure of AOOO, A025,
A050 and Si (silica). TEM was performed using a Phillips CM12 microscope in the operating voltage
range of 15-45 kV. The samples were prepared by allowing a distilled water suspension (AOOO, A025
and A050) or ethanol suspension (Si) of the finely ground powder to evaporate on a copper grid coated
with a holey carbon film. Lastly, scanning electron microscopy (SEM) and energy dispersive X-ray
microanalysis (EDX) studies were carried out using Leo Supra 55VP Ultra High Resolution Analytical
Field Emission Scanning Electron Microscope with an operating voltage of 15 kV. The alumina
supports with different membranes were fractured and attached to a metal mount using carbon tape.
Membranes fracture cross sections were coated with gold and placed on aluminum-gold plating for
analyses.
2.3 Separation test
Steady-state water permeability measurements were carried out in a dead-end filtration cell
with different types of membranes. The operating pressure range was kept in the range of 200-500
kPa. Liquid stirring was done with a magnetic stirrer at a constant stirring speed of 500 rpm
throughout the permeation experiments. De-ionized water (18 MO cm) was used for determination of
membrane permeability. MWCOs of the membranes were determined by using PEG with different
molecular weights. In the PEG retention test, PEG solution (50 ppm) was fed in and filtered at 400 kPa.
The concentration of PEG in the permeate was determined using methods introduced by Sadbe et at.
(Sabde et aI., 1997). 4 ml of sample solution was added to 1 ml 5% (w/v) BaCt2 in 1 N HCt. To this
mixture, 1 ml of solution, prepared by dissolving 1.27 g 12 in 100 ml 2% KI (w/v) solution was added
which is further diluted 10 times. Color was allowed to develop for 15 min at room temperature, and
absorption was read using a spectrophotometer at 535 nm against a reagent blank.
The dye separation experiments were conducted using a dead-end filtration cell in the range 4-10
bar. Feed solution concentrations of Reactive Red 120 (RRI20), Reactive Black 5 (RB5) and Reactive
Orange (R016) were kept at 250 - 1000 ppm. The bulk solution was stirred at 500 rpm. Feed and







1=0 EI .I \. ectromc
balancereservoir
Spectronic, USA; model GENESYS 2). The wavelengths at which maximum absorption occurred
were 530 nm for RR120, 592 nm for RB5 and 493 nm for ROI6. The salt retention experiments were
performed at 25± 1 DC using the same dead-end permeation set-up. The retention experiments were
conducted with aqueous solutions of 7.5 mM NaCl at various pH. The pH was adjusted using 0.25 M
NaOH and HCl. During each pH experiment permeate samples were collected at a pressure lObar.
The NaCl concentrations were measured using a conductivity meter (Hanna Instruments, Italy, Model:
HI9033). A period of 15 min was used to allow both the flux and the permeate retention to reach
steady state. During this equilibration period, the permeate conductivity and flux were continuously
monitored to assure that a steady-state situation had been reached. In the final stage of the research,
response surface method (RSM) with central composite design (CCD) was performed in order to study
the influence of common operating conditions on the quality and quantity of permeate when A025/Si
membrane was applied in the nanofiltration (NF) of dye-salt-water mixtures.











































3. Results and Discussions
3.1 Bimodal Porous y-Alumina: Template, Sol and Calcined Oxide
This section details the characterization of template, boehmite sol with template and templated
y-alumina. The main objective of this section is to find the optimum quantity of templating units
(nanosized PS beads) to be added as well as the best heat treatment conditions to create the secondary
pores. This is done by understanding the characteristic changes of sol and calcined product when
nanosized PS beads are added and removed in the sol-gel method. The characteristic changes studied
include weight loss in relation to temperature changes, viscosity, chemical composition,
crystallographic structure and porosity. Characterization methods such as TEM, TGA, viscometer, FT-
IR, XRD, N2 adsorption/desorption are utilized to achieve the mentioned objectives.
TEM picture of a PS bead with diameter ca. 50 nm is shown in Fig. 2. The mean particle size
of PS beads is 50 nm with fairly narrow particle size distribution. In summary, the PS beads possess
spherical shape and required particle size which are essential for constant templating effect.
Fig. 2. TEM pictures ofnanosized PS beads.
The effect of template on boehmite sol thermal stability is investigated using
thermogravimetry method. This part of the study concerns primarily on the changes of weight of dried
sols as gradual heating is employed. Based on the observed changes, conclusions are drawn on the
determination of suitable calcination conditions in order to remove template and form bimodal porous
y-alumina. The thermogravimetric curves of the fresh AOO, A025, A050 and AIOO gel are shown on
Fig. 3. After addition of template, the gels exhibit a fairly different aspect in weight loss. The total
weight loss up to 800°C of samples A025, A050 and AIOO is approximately 44 wt%, 62 wt% and 70
wt% respectively. The weight loss observed is most likely dependent on the amount of PS beads
added, with the highest weight loss occurring in AIOO. Similarly, due to the lower content ofPS beads
in A025 gel compared to A050 gel, the weight loss observed is lower. However, total weight loss of
sample AOOO is close to sample A025. It is possible that the water content in sample AOOO is higher























four weight loss events, namely 25 - 100 DC region, 100 - 200 DC region, 200 - 450 DC region and
above 450 DC region. The first weight loss in the 25 - 100 DC region can be related to the loss of
adsorbed water molecules. Weight loss of samples in the second region 100 - 200 DC corresponds to
loss of weakly bound water molecules, coordinated water molecules and interlayer water molecules.
For sample AOOO, the major weight loss event occurs from 200 - 450 DC and it corresponds to
dehydration and dehydroxylation of the hydrous aluminium oxide. Above 450 DC, sample AOOO still
shows continued weight loss that is possibly due to hydroxylation of aluminium oxide (Szetu et al.,
2000). Samples A025, A050 and A100 show similar pattern of weight loss event as sample AOOO for
the first region, second region and fourth region. Nevertheless, the weight loss of samples A025, A050
and AIOO in the third region is associated to the template decomposition and the release of water
resulting from the phase change to alumina with bimodal porous structure (Aguado et a!., 2005).
Hence, the adequate calcination temperature for alumina formation and template removal is above 450
DC.
o
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Fig. 3. TGA curves for AOOO, A025, A050 and A100
Besides sol thermal stability, it is necessary to study the effect of template quantity on sol
rheology. This is because sol viscosity is an important factor in sol-gel dip coating operations that
affect the films thickness (Jing et al., 2006).The viscosity of the different sols as a function of the
rotational speed of the viscometer spindle (which is proportional to the shear rate applied) is shown in
Fig. 4. It is found that the sols behave as a Newtonian fluid, exhibiting an almost constant viscosity
value within in the whole range of shear rates examined. The Newtonian behavior is exhibited even
when the quantity of templating units added is increased. The observed characteristic may be caused
by the lack ofPS beads agglomerates in the sols (Fu and Tseng, 2006). However, the viscosity of sols





























































Shear rate, y (S·l)
Fig. 4. Viscosity of boehmite sol with different quantity oftemplating units added.
The effect of solid template content on the flow behavior of the sols is also presented in Fig. 5.
Once again, it is easily observed that the sols show almost Newtonian behavior even the quantity of
templating units added increasing. Fitting of observed data to Newtonian model is also shown in Fig.5.
with high R2 (more than 99 %). The viscosity of the sol AOOO is 3.74 Pa.s, A025 is 4.15 Pa.s, A050 is
4.56 Pa.s and AI00 is 4.94 Pa.s. The viscosity of sol increases when more PS beads are added. It is
expected that membrane thickness rises with the increment of secondary pore volume since the
viscosity of dip coating sol increases with the increment of template quantity (Jing et aI., 2006).
Besides that, it should be pointed out that sols also contain 2 wt% of PEG in order to form crack-free











































Calcinations at temperature which is higher than 450°C promotes the removal of PS beads
and formation of alumina as explained in the thermogravimetry studies. Hence, all the dried sols are
calcined at 500°C for I hr to study the effect of secondary pore volume on y-alumina characteristics.
The microstructure of alumina without secondary pores (AOOO) can be examined using TEM picture,
Fig. 6.























The material is highly porous and the pore diameter is too small to be measured. By adding
the nanosized PS beads (diameter ca. 50 nm) into the boehmite sol, additional pores are created in
sample A025, A050 and Al 00 after calcinations at 500 DC for 1 hr. It is generally observed that a well
ordered and interconnected porous structure is obtained in sample A025 and A050. The secondary
pores can be clearly seen from Fig. 6(b), 6(c) and 6(d). The size of these additional pores is estimated
to be close to the size of templating units. Thus, pore shrinkage is not obvious in this work. In
addition, pore collapse did not happen even though the samples have been calcined at 500 DC for 1 hr.
However, the porous structure of sample Al 00 is less ordered. It is possibly due to the sol viscosity is
too high for proper ordering of spheres using filtration method. During filtration, sphere order can be
improved by applying oscillatory shear to the sphere suspension (Vickreva et aI., 2000). The method is
difficult to be applied in this study since the bimodal porous material has to be coated on top of (X-
alumina membrane support as thin layer. Oscillatory shear may induce defect on the dip coated thin
film. In this study, the amount of PS beads is kept under 0.5 g for each 20 ml boehmite for formation
of well ordered secondary pores. There is also no necessacity of creating high secondary pore volume
as it might affect the coating of top layer strongly with cracks formed.
FT-IR is an efficient method to measure different types of interatomic bond vibrations at
different frequencies. The analysis of IR absorption spectra shows the types of bond which are present
in the samples. The FT-IR spectra for all calcined samples are shown in Fig. 7. AOOO, A025, A050 and
AIOO are alumina with variation in pore structures. Thus, these four samples show similar FT-IR
curves. They show bands at 3404 cm·1 to 3467 em'], 2072 em'] to 2088 em' I and 1636 em'] to 1644
cm,l. The first band range corresponds to At-OH group (Padmaja et aI., 2001). Meanwhile, band at
2072 to 2088 em'] is possibly due to the presence of water in the samples (Mishra and Rao, 2005). The
band range from 1636 em'] to 1644 em'] corresponds to the O-H bond bending of adsorbed water and
coordinated water (Padmaja et at., 2001). Hence, the samples show the formation of alumina after
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Fig. 7. FT-IR curves of (a) AOOO, (b) A025, (c) A050 and (d) AI00after calcined
at 500°C for 1 hr.
XRD is used to study the chemical composition and structure of calcined alumina samples
with different porous structures. The diffraction angles measured yield the lattice constants, d,
pertaining to the crystallographic planes causing diffraction. The XRD patterns of alumina samples























Fig. 8. XRD patterns of (a) AOOO, (b) A025, (c) A050 and (d) AI00 after calcined
at 500°C for 1 hr.
After heat treatment in air at 500 °C for 1 hr, XRD patterns at high angle (28 - 10 - 70 0) are found to
be comparatively similar for all the calcined samples of AOOO, A025, A050 and AI00. They show
three main peaks placed at d-spacings of 0.242, 0.198 and 0.139 nm respectively, which correspond to
the d31 ), d400 and d440 reflections of the y-alumina phase (Aguado et al., 2005). Meanwhile, peaks at d =
6.1, 3.2 and 2.3 A which correspond to AIO(OB) (JCPDS21-1307) are not found. The result shows
that the calcination is adequate to grow crystalline alumina in gamma phase.
Nanosized PS beads shows excellent templating effect in creating secondary pores for sol-gel
derived y-alumina. An ordered and interconnected porous structure can be tailored without serious
pore shrinkage or pore collapse. However, ratio oftemplating units to boehmite sol should be kept at
0.25 g: 20 ml and 0.50 g: 20 ml in order to formed well assembled pores. The increment of secondary
pore volume neither affects the chemical composition nor the crystalline structure ofy-alumina.
An understanding of the surface area and porosity of y-alumina samples can be achieved by
the construction of an adsorption/desorption isotherms as shown in Fig. 9. Adsorption isotherms are
obtained point-by-point by admitting to the adsorbent successive known volumes of nitrogen and
measuring the equilibrium pressure. Similarly, desorption isotherms are acquired by measuring the
quantities of gas removed from the sample as the relative pressure is lowered. All samples show
isotherms of type IV in the Brunauer, Deming, Deming and Teller classification (Gregg and Sing,
1991). The isotherms are associated with capillary condensation in mesopores, indicated by the steep
slope at higher relative pressure. Isotherms of sample AOOO, A025 and A050 also show hysteresis loop
at a relative pressure of approximately 0.6. The type E hysteresis loops according the original de Boer
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This type of hysteresis loops indicate the presence of "ink-bottle" type pores in the mesoporous y-
alumina samples (Sangwichien et al., 2002). The hysteresis loops in the isotherms close before
reaching a relative pressure of 0.3 in the desorption process as there is no micropores.
The distributions of pore volume with respect to pore size for y-alumina with different porous
structures are shown in Fig. 10. It is generally accepted that the desorption isotherms is more
appropriate than the adsorption isotherm for evaluating the pore size distribution of an adsorbent. This
is because the desorption branch of the isotherm, for the same volume of gas, exhibits a lower relative
pressure, resulting in a low free energy state (Micromeritics®, 1992). Thus, the desorption isotherms
are closer to true thermodynamic stability.
Fig. 10. Pore size distribution ofy-alumina samples based on the BJH-model for the desorption branch











































The pore size distribution of y-alumina samples for the desorption branch is calculated using Barrett-
Joiner-Halenda (BJH) method. From Fig. 10, sample AOOO shows narrow pore size distribution with
average pore diameter of 5.76 nm which is close to pore size reported by Lambert et al. (1999). As the
same boehmite sol is used for the preparation of sample A025 and A050, both samples show primary
pore diameter which is close to sample AOOO. Meanwhile, secondary pore size distribution is observed
in Fig. 10 for sample A025 and A050. The secondary pore volume in sample A050 is higher than
sample A025 as more templating units have been added into A050 sol. However, BJH method is not
suitable for estimation of secondary pore size. In Fig. 10, the mean secondary pore size is estimated at
30 nm which is far from secondary pore size which is measured using TEM. This is possibly because
N2 adsorption/desorption method is generally not very accurate in membrane with a large pore size
distribution and without a definite pore geometry (Mulder, 1996). The measured BET surface area,
total pore volume and average pore diameter of samples AOOO, A025 and A050 are summarized in
Table I.
Table I Characteristic of the mesoporous y-alumina samples after calcined at 500°C for I hr
Sample BET surface area Total pore volume Average pore(m2jg) (cm3/g) diameter (nm)
AOOO 301.1 0.61 5.7
A025 310.2 0.60 5.2
A050 330.2 0.64 5.5
3.2 Bi-layered Membrane with Bimodal Porous Intermediate Layer: Improved Permeability
Bimodal porous ceramics are usually utilized as catalyst supports with reduced transport
resistance for reactants to reach the active sites rapidly (Takahashi et aI., 2001). Unlike the
conventional approach, bimodal porous y-alumina is employed as a membrane in this study. The y-
alumina with bimodal pore size distribution which has been optimized in the previous section is
tailored into thin films using dip-coating method. Surfactant templated silica is later dip-coated on top
of the y-alumina layer in order to form a bi-Iayered membrane. Characteristics of membranes such as
permeability, pore size, and ratio of membrane thickness to porosity are determined using the water
permeability test and the PEG retention test.
Supported y-alumina thin layers can be scrutinized using SEM technique. Thin layers of y-
alumina with different porous structures are successfully formed after calcinations of AOOO, A025 and
A050 coatings on alumina supports (Fig. 11). There is no formation of serious defects such as cracks
or pin holes. The final thickness of y-alumina membranes with different porous structures can be also
determined from membrane cross-sectional micrographs (Fig. 11). Although dip-coated liquid film
thickness can be predicted from Landau-Levich-Derjaguin (LLD) equation (Equation 1), there is




where H is the liquid film thickness, U is the withdrawal speed, 11 is the viscosity, p is the density, yLV
is the liquid-vapor surface tension and g is the acceleration due to gravity (Jing et aI., 2006). It only
predicts liquid film thickness in sol-gel dip coating operations before drying and calcinations. Thus,
SEM is the most reliable method to measure the membrane thickness after hardening and oxidation in
calcination step. The thickness of y-alumina thin layers is ca. 3 - 4 J.Lm after single dip-coating and
calcinations. The y-alumina membrane thickness in this work is close to membrane thickness reported
by Ulhorn et at. (1992) and Chowdhury et at. (2006). The reported membrane thickness is 3 - 5 /lm
where boehmite sol is also employed in their study. However, it is observed that the thickness of the
--------
(1)
Fig. 19. SEM pictures of (a) AOOO, (b) A025 and (c) A050 supported on a-alumina discs.
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thin layers increases from AOOO to A050. It is likely due to the increment of sol viscosity as previously
measured. The increment of sol viscosity raises the dip-coated liquid film thickness as shown in LLD
equation (Equation 1). Consequently, the thickness of membranes grows from AOOO to A050 even
after hardening, oxidation and removal of template.
Membranes are always rated for their permeate flux and rejection level. Flux is the term used
to describe how fast a product passes through a membrane. Referring to Darcy's law, the liquid flux is
proportional to the applied pressure when transport mechanism obeys the viscous flow model. The
membrane permeability is defined as the permeation coefficient in this law and it represents the
economical level of a membrane. The operational cost of membrane separation can be reduced by
using membranes with higher permeability.
The pure water permeative behavior of y-alumina membranes with different porous structures
are shown in Fig. 12. AOOO membrane shows the lowest permeability among the y-alumina
membranes.
Fig. 12. Product of water flux and viscosity vs. applied pressure ofy-alumina thin layers with different
porous structures supported on a-alumina support.
The conventional y-alumina membrane (AOOO) achieves poorer permeate flux at pressure 1 - 5 bar
compared to y-alumina membranes with secondary pores (A025 and A050). When the secondary pore
volume increases, it is also observed that the water permeability of y-alumina membranes improves.
The overall membrane permeability coefficients (km) are calculated using Darcy's Law and
summarized in Table 2. The overall membrane permeability coefficients (km) can be also deconvoluted
into the permeability coefficients of the a-alumina support and the y-alumina thin layer respectively.
From Table 2, the permeability coefficient ofy-alumina thin layer increases 79.17 % when a moderate
secondary pore volume is created in A025. The permeability coefficient achieves even more than 200











































Specific resistance of membrane is another important parameter that eliminates the effect of
membrane thickness in calculating the resistance of membranes to the permeation. The specific
resistance rm of membranes to the permeation is summarized in Table 2.
Table 2 Calculated permeability coefficients kyand specific resistance rill for y-alumina thin layers with
different porosity
Overall Thin Layer Specific ResistanceCoating Support Permeability, Permeabilty




AOOO a-alumina 1.50 1.82 1.90
A025 a-alumina 2.36 3.26 0.99
A050 a-alumina 3.47 5.82 0.46
None a-alumina 8.57 N/A N/A
The conventional y-alumina thin layer (AOOO) in this work shows specific resistance of 1.90 x 1019 m,2
which is smaller than the specific resistance reported by De Lint and Benes (3.45 - 6.25 x 1019 m·2)
(2005). The difference of specific resistance is possibly because AOOO possesses much larger pores
compared to y-a1umina in their work (pore diameter ~ 2 nm). The average pore diameter of
unsupported y-alumina AOOO is measured at 5.7 nm as shown in Table 1. Meanwhile, Chowdhury et
al. (2006) reported only slightly higher specific resistance of y-alumina membrane (2.0 x 1019 m,2)
compared to AOOO. The average pore diameter reported by Chowdhury et al. (2006), however, is
much bigger (8.6 nm). Thus, the great specific resistance of y-a1umina membrane in their work is
possibly due to low membrane porosity. From Table 2, it is obvious that the creation of secondary
pores in y-a1umina further enhances the diminution of transport resistance. The specific resistance ofy-
alumina membrane decreases almost 48 % to 76 % when secondary pores are templated at different
pore volumes.
For comparing the performance of membranes, it is also necessary to understand their
rejection characteristics through permeation process. Quantification of rejection properties is very
important when comparing performance of membranes with small pores such as NF, since small
deviations in pore size can be translated into different rejection capabilities with significant differences
for solutes of interest (Cleveland et al., 2002). Most manufacturers ofNF membranes rate their pore
size with a molecular weight cutoff (MWCO). Most often MWCO is described as the upper molecular
weight limit of transport which is equivalent to a 90 % rejection (Cooper and Van Derveer, 1979). The
rejection characteristics can be determined using solutes that are more or less retained by the
membrane (,cut-off' measurement). From Fig. 13, the y-alumina thin layer without secondary pores
(AOOO) shows more than 90 % retention for PEG with molecular weight higher than 10500 Da. The



























of y-alumina membrane are approximately in the range of 2000 to 10000 with PVA added in the sol as
reported by Uhlhorn et at. (1992), Peterson et at. (1990), Burggraaf et at. (1989, 1991) and Leenars et
at. (1984, 1985). In general, MWCO of y-alumina membrane increases with the calcination
temperature as particle grew in size. A further increment of calcination temperature (above 1000 0c)
not only involved a phase transition of y-alumina to a-alumina, but also resulted in the conversion of
the UF membranes to MF membranes. As calcination temperature in this work is only 500°C, it is not

















Fig. 13. PEG retention curves of different y-alumina thin layers at 4 bar.
According to Lambert and Gonzalez (1999), the addition of PEG can cause a growth of membrane
pore volume and pore diameter compared to membranes prepared with PVA added as binder. Thus,
the addition of PEG into the boehmite sol may cause a higher MWCO of y-alumina membrane in this
work. Besides that, the preparation methodology is another possible factor that causes the difference in
membrane MWCO. For example, y-alumina membranes with extreme low MWCO (350 - 450 Da) can
be prepared using a "flash" firing treatment (Larbot et aI., 1994). In order to make conclusions about
pore size, the molecular weight of PEG is correlated to its Stokes-Einstein radius. The average pore
size of conventional y-alumina membrane (AOOO) is estimated at 5.3 nm. The estimation is close to
pore size of unsupported AOOO which is measured using N2 adsorption/desorption in Section B.I.
For A025 and A050 membranes, the retention is lower than 90 % even for PEG 35000 with
the creation of secondary mesopores (50 nm). This is reasonable as the secondary pore radius (ca. 25
nm) is much bigger than stokes radius of PEG 35000 (4.87 nm). Unlike conventional membranes with
unimodal pore size distribution; there is still some retention of PEG molecules (6000 - 35000 Da)
through bimodal porous membranes as shown in Fig. 13. A025 and A050 do not show extremely high
permeation of PEG molecules which are much smaller compared to its secondary pores. This may due
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The secondary porosity in A025 and A050 samples is calculated by assuming the length of all
cylindrical pores is almost equal to the membrane thickness and the primary porous structure of the
bimodal porous membranes is identical to the porous structure of unimodal porous membrane (AOOO).
The results of porosity calculation are shown in Table 3.
to tremendously low secondary pore volume in A025 and A050 compared to primary pore volume as
shown in Fig. 10.
Besides explaining membrane permeability using phenomenal model, transport through
porous membrane can be related to its porous structure. The simplest model is Hagen-Poiseuille where
membrane porous structure is considered as a number of parallel cylindrical pores. However, the
solvent flux through bimodal porous membrane is due to the permeation of solvent through primary
pores and secondary pores. Bimodal porous membrane are considered possessing two types of
cylindrical pores with different corresponding porosity as stated in Equation 2.
From the calculation, it is obvious that secondary porosity is extremely low compared to primary
porosity. The calculation is parallel with the pore volume measurement using N2 adsorption/desorption
(Fig. 10). However, the secondary pores are able to enhance the permeability of y-alumina membrane
greatly as the secondary pore size is ca. 10 times of the primary pore size. Although amount of
templating units added in A050 is 2 times of amount oftemplating units added in A025, the secondary
porosity of A050 is higher than the expected value. This is possibly because that the configuration of
the pores (cylindrical) used in the Hagen'-Poiseuille model description deviate dramatically from the
actual morphology (Mulder, 1996).
In this work, ordered porous silica has been tailored using micellar solution of CTAB which
transforms to a hexagonal phase in the presence of silicate anions. Common characterization methods
such as TEM, XRD and N2 adsorption/desorption are used to confirm the formation of ordered pores.
Fig. 14 shows the TEM micrograph of surfactant templated silica (designated as Si) after calcined at
450 DC for 1.5 hr. A superstructure is clearly visible in Si. It has a periodicity of about 4 nm, and found
to be oriented in a certain direction. Fig. 15 shows the XRD pattern for surfactant templated silica with
(2)
2 2
k = rpl + __r.:..p _2 __
m 8(~XI / Akl ) 8(~X2 / Ak2 )
Table 3 Secondary porosity in bimodal porous y-alumina
Membrane km k2 rpl rp2 L Ak1 A k2(10.14, m) (10.14, m) (nm) (nm) (/lm)
AOOO 1.82 0 5.3 0 2.9 0.06 0
A025 3.26 1.31 5.3 50 3.1 0.06 0.0005











































ordered mesopores. It shows the existence of a broad peak at 2.5 0, indicating the presence of long
range order (Boffa et at., 2007).
Fig. 14. TEM pictures of Si.
1 2 3 4 5
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Fig. 15. XRD pattern of Si with ordered nanopores after calcinations.
The N2 adsorption isotherms over the entire relative pressure range of the surfactant templated
silica are shown in Fig. 16. As expected, the adsorption isotherm is of type I (according to Brunner,
Deming, Deming and Teller classification) or Langmuir type which indicates that the surfactant
templated silica is microporous solid. The limiting uptake of adsorbate is governed by the accessible
micropore volume rather than by the internal surface area. The BET surface area (975.3 m2/g) and the
total pore volume (0.56 cm3/g) of surfactant templated silica are satisfactory. The porous material
shows reasonable surface area and pore volume compared to other types of surfactant templated silica
such as MCM-41 material which possesses a surface area in the range of 950 - 1120 m2/g and a pore
volume in the range of 0.66 - 1.78 cm3/g (Choma and Jaroniec, 2007). When evaluating the pore size
distribution from nitrogen isotherm data, methods that employ the Kelvin equation, especially the BJH
method, are generally used (Fig. 17). However, it is found that BJH method is not a good way for




































Fig. 16. N2 adsorption and desorption isotherms for silica after calcined at 450°C for 45 min.
For better micropore analysis, t-method is used for the estimation of micropore size. The
observation of two linear regions in the t-p10t (Fig. 18) indicates the presence of micropores which is
larger than 7 A. The actual pore width (2t) can be estimated at the position where two linear plots
intersect as it signifies that the filling of micropores is taking place (Aguilar-Armenta and Diaz-
Jimenez, 2001). Thus, the average pore size of the surfactant templated silica is estimated about 10 A.
The estimated pore size is smaller than the pore size reported by Chowdhury et al. (2006) where the
average pore size of the similar silica supported on y"alumina is estimated to be approximately 18 A.
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Fig. 18. The t-plot of surfactant templated silica after calcined at 450 DC for 45 min.
Ordered pores have been successfully tailored in silica using the synthesis method introduced by
Honma et al. (2000). The average pore size (10 A) and the BET surface area (975.3 m2/g) of
unsupported silica are reasonable compared to literatures. The silica is then coated on y-alumina thin
layers with different porous structures (AOOO, A025 and A050) for preparing silical y-alumina
membranes.
In the current section, characteristics of silicaly-alumina membranes with different
intermediate layers are studied. The surfactant templated silica is coated on y-alumina layers with
different secondary pore volumes (AOOO, A025 and A050). It is interesting to study the effect of
secondary pores (ca. 50 nm) on the formation of silica thin layers. This is because the existence of
secondary pores in the intermediate layer may cause different levels of silica sol infiltration. It is
possible that silica layers form at different coordinates in the membrane. The variation of membrane
structures may lead to changes of membrane performance. In this study, the membrane performance is
rated using water permeability test and PEG retention test. The effect of secondary pore volume on the
overall membrane performance is investigated and discussed in this section.
Silicaly-alumina membranes with different porous structures in intermediate layers can be
scrutinized using Fig. 19. Although the y-alumina membranes (AOOO, A025 and A050) have been dip-
coated with silica sol twice, no formation of silica layer on top can be found after calcinations.
Filtration of silica sol into the subsequent layer obviously happened. From EDX analyses of silica
distribution, it is observed that the silica has been deposited in the pores of y-alumina layers (Fig.
19(d), 19(e) and 19(f)). However, the density of silica layers reduces from membrane AOOO/Si to
A050/Si. The reduction of silica density may be caused by the increment of secondary pores in the
intermediate layers. It is also observed that the silica layers are well formed on top of a-alumina
supports in AOO/Si and A025/Si membranes. However, silica layer is not so well formed in A050/Si
1084 6
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membrane. This is likely because bimodal porous structure of A050 is inadequate to prevent
penetration of silica sol into a-alumina support during dip-coating.
Fig. 19. SEM and EDX images of the bi-Iayered membrane prepared with different intermediate layers
(a) SEM image of AOOO/Si membrane, (b) SEM image of A025/Si membrane, (c) SEM
image of A050/Si membrane, (d) the distribution of Si on AOOO/Si membrane by EDX (e)
the distribution of Si on A025/Si membrane by EDX and (f) the distribution of Si on
A050/Si membrane by EDX.
The plot of steady state water flux versus pressure for silica membranes supported y-alumina
with different secondary pore volumes (AOOO, A025 and A050) is illustrated in Fig. 20. The water flux
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Table 4 Overall permeability and thickness for silica/y-alumina membranes
Top Intermediate Overall Ly LSiSample Support permeability,layer layer km (10.14 m) (/-Im) (f.lm)
AOOO/Si Silica AOOO a-alumina 0.14 3.3 3.{)
A025/Si Silica A025 a-alumina 0.23 4.8 4.7
A050/Si Silica A050 a-alumina 0.36 5.7 5.6
Using Darcy's law, the overall liquid permeability ofbi-Iayered membranes is calculated. The
summary of the calculations is shown in Table 4. The overall liquid permeability of bi-Iayered
membranes increases when more secondary pores are introduced into the intermediate layer. The
overall liquid permeability of bi-Iayered membranes raises almost 64 % when y-alumina with relative
low secondary pore volume (A025) is employed as the intermediate layer. For a bi-Iayered membrane
consisting y-alumina with high secondary pore volume (A050), the increment of overall liquid
permeability is more than 162 %.
30
is proportional to the applied pressure obeying Darcy's law. Apparently, the permeate flux through bi-
layered membranes increases with the rising of secondary pore volume in the intermediate layer.
Fig. 20. Product of water flux and viscosity vs. applied pressure of bi-Iayered membranes with
different intermediate layers supported on a-alumina support.
Of course, it is inquisitive to find out the contribution of each layer in the bi-Iayered
membranes to the permeability improvement. The permeability of individual layer in the bi-Iayered























Table 5 Permeability and specific resistance of silica layers supported with different
intermediate layers (AOOO, A025 and A050)
Table 5.14 shows the calculated pore size (rp), the ratio of effective membrane thickness to membrane


























r =0.262 x (MW)1!2 - 0.3
summarized in Table 5. From Table 5, it is observed that the creation of secondary pores in the
intermediate layer affects the separation characteristic of supported silica layer. The specific resistance
of silica layers reduces 62 - 80 % when coated on bimodal porous y-alumina layer. The results are
rational as the silica density reduces with increment of secondary pore volume in y-alumina layer as
shown in EDX analyses (Fig. 18).
The improved membranes, A050/Si shows more than 90 % retention of PEG 600 while
A025/Si shows more than 90 % retention of PEG 400 at 400 kPa (Fig. 21). The MWCO of A025/Si
membrane is observed to be close to the MWCO of conventional bi-layered membrane (AOOO/Si). The
average pore radius of silica layers can be determined based on their MWCO using Equation 3.
where r is molecular radius (A) and MW is molecular weight (Da).The average pore radius of silica
layer in AOOO/Si and A025/Si is 0.5 nm while the average pore radius of silica layer in A050/Si
membrane is 0.6 nm. Coating silica on y-alumina with similar primary pore size (5 - 6 nm) but
dissimilar secondary pore volume seems to form slightly different pore size in silica. Chowdhury et al.
(2006) reported that the pore radius of surfactant silica is much bigger (l.0 nm) when coated on y-
alumina with average pore diameter of 8.6 nm. Obviously, porous structures of intermediate layers
show a significant effect on the pore size of top layers. Specifically, the porosity of silica layer is
affected by the occurrence of secondary pores in y-alumina layer. The reduction of silica density as
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Fig. 21. PEG retention curves of different membranes at 4 bar.
Sample rp Lix/Ak Ak(nm) (l0-5m)
AOOO/Si 0.5 2.08 0.14
A025/Si 0.5 1.24 0.38
A050/Si 0.6 1.13 0.49
Table 6 Pore size and porosity of silica layers supported with different intermediate layers
(AOOO, A025 and A050)
A025 thin layer appears to be the most appropriate surface for the formation of a silica
membrane with improved permeability and reserved retention. This is because A025 is able to prevent
penetration of silica sol into a-alumina support. The silica layer is formed on top of the membrane
support with low silica density. Consequently, the permeability of silica layer is improved. In
addition, the bimodal porous A025 layer also introduces a lower transport resistance to bi-layered
membrane compared with unimodal porous AOOO.
An improvement in membrane permeability always brings a trade off in membrane MWCO
unless pore enlargement is not involved. This can be done by reducing the membrane thickness and/or
improving the membrane porosity. The membrane porosity includes the surface porosity and the pore
tortuosity. In this study, the permeability enhancement of silicaly-alumina membrane is possibly due to
the improvement of membrane porosity which involves a density reduction of separating layer and






















Table 7 Characteristics of the reactive dyes used
3.3 Dye and Salt Transport Characteristics of Bi-layered Membranes with Different Secondary
Pore Volumes
Besides providing an appropriate medium for the formation of silica layer, y-alumina layer
contributes to ions retention at pH near to the IEP of silica layer as reported by Samuel de Lint et al.
(2006). In addition to the improved ion separation performance, this may also be a fast and effective
way to reduce the exposure of the penetrated separating layer to harsh pH conditions. Due to retention,
the exposed layer can reduce the concentration of strong acid or base within the penetrated layer or
alternatively to prevent fouling of the membrane. This section is intended to study the ion separation
performance of silicafy-alumina membranes with different secondary pore volumes. The study
includes the investigation of operating variables effect on large organic ions (dyes) separation and
small inorganic ions (salt) separation from aqueous solution when membranes with different
secondary pore volume (AOOO/Si, A025/Si and A050/Si) are employed. For NaCI separation, ENP
Model is used to characterize the separation characteristics of bi-Iayered membrane with different
porous structures.
Reactive dyes are water soluble so they cannot be easily removed using physical methods such
as coagulation or adsorption. Compared to advanced chemical oxidation and adsorption, NF is the
most economical method to eliminate reactive dyes in wastewater. Thus, the main objective of this
section is to investigate the dye separation performance of bi-Iayered membranes with different
secondary pore volumes. Three types of reactive dye with variation in molecular weight are used in
this study. The characteristics of these reactive dyes such as their molecular weight, number of charge,
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The variation of dye rejection at pressure in the range of 4 - lObar for AOOO/Si, A025/Si and
A050/Si membranes is shown in Fig. 22. In general, the rejection ofRR120 is highest and followed by
RB5 and R016. This is because the sieving mechanism reduces when the molecular weight of dyes
approaches the MWCO of membrane (400 - 600 Da). The non-spherical organic ions may escape
from the membrane pores at certain orientation (Santos et al., 2006). Besides that, electrostatic
interactions between charged solutes and a porous membrane have been frequently reported to be an
important mechanism (Bellona et al., 2004). The lower charge numbers ofRB5 and RO 16 compared
to RR120 may cause the diminution of repulsion force at the membrane surface and lead to lower
rejection. The rejection of RR120 is most satisfactory as 95 % of the dye can be removed using
AOOO/Si, A025/Si and A050/Si membranes regardless of the pressure changes. There is a high
possibility that the separation is mainly influenced by sieving mechanism since the molecular weight
of RR120 is much bigger than the MWCO of AOOO/Si, A025/Si and A050/Si membranes (400 - 600
Da) (Akbari et al., 2002). For smaller dye, the rejection of RB5 and R016 decreases with the
increment of pressure. The observation is most possibly due to the growth of membrane surface
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concentration polarization (Mulder, 1996). When the surfactant templated silica is coated on y-alumina
with unimodal pore distribution (AOOO/Si), it is observed that RB5 dye and R016 dye are well rejected
(Fig. 22(a».
2 4 6 8 10
Pressure (bar)
Fig. 21. Retention of RR120, RBS and RO16 dyes solution with concentration of 1000ppm at different
pressure using (a) AOOO/Si (b) A02S/Si and (c) AOSO/Si membranes.
All the dye retention achieves more than 80 % for trans-membrane pressure varied from 4 bar to 10
bar. By coating on top of y-alumina with low secondary pore volume (A02S), the silica membrane
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Fig. 23. Retention of RR120, RB5 and R016 dyes solution with different concentrations at 10 bar
using (a) AOOO/Si (b) A025/Si and (c) A050/Si membrane.
that defects such as cracks and pinholes is absent in the silica layer formed in A025/Si membrane as it
is able to reject organic ions with molecular weight smaller than 1000 Da. It is proven again that y-
alumina with low secondary pore volume (A025) has successfully facilitated the formation of silica
layer with sufficient density. Nevertheless, membrane A050/Si only rejects RB5 at acceptable
retention percentage, more than 80 %. The retention ofR016 which is smaller in size only reaches 44
% at the lowest pressure. This is possibly because the silica layer of membrane A050/Si is less dense
and unable to provide enough repulsion force for the rejection of small charged solute.
The rejection of dyes in feed solutions with different concentrations at lObar using (a)











































It is important to understand the influence of concentration on the separation performance since the
purpose of NF is to concentrate the effluent. In general, it is observed that the rejection of RR120 is
the highest, followed by RB5 and ROI6. The effect of dye feed concentration on the removal of
RR120 is insignificant. However, the permeate quality reduces when feed concentration of smaller
dyes (RB5 and RO16) increases. This is possibly due to the rising of concentration polarization effect.
Concentration polarization is usually more severe in higher concentrated feed solution (Mulder, 1996).
In dye separation, the permeability of membrane is another important rating besides rejection.
Although water permeability of membranes with bimodal porous structure is considerably high, the
permeate flux in dye separation may reduce due to concentration polarization and fouling. This study
aims to examine the changes of permeate flux when organic ions, RB5 is added into the feed solution.
It is also interesting to study the effect of pressure and dye concentration on the permeate flux of bi-
layered membranes with different pore volumes. Unlike the rejection, the permeate flux of membranes
in dye separation varies with time. The variation of permeate fluxes for water and dye solution is
presented in Fig. 24. It is clear from the graphs that A050/Si and A025/Si show higher flux in dye
separation compared to AOOO/Si membrane, which proves permeability enhancement using bimodal
porous layer. It is also observed that the flux is improved for higher operating pressure. This is
because the driving force across the membrane increases and this leads to augmentation of permeate
flux. However, dye solution flux is lower than the corresponding pure water flux (t = 0 hr); which can
be related to the presence of organic solute. The observation may be attributed to a combination of
concentration polarization, adsorption and osmotic pressure effect (Koyuncu et ai., 2004a). Operated
at same pressure (10 bar), the flux reduction is more severe in the dye solution with high concentration
as shown in Fig. 25.
The observation can be related to more serious concentration polarization, adsorption and
osmotic pressure in further concentrated of dye solution (Wiesner and Aptel, 1996). Over time, the
decline of fluxes approach steady state as shown in Fig. 24 and Fig. 25. The steady state conditions
attain a further decrease after running for 3 hr, which is not studied in this work. Such continuous flux
decline is the result of membrane fouling such as cake formation which is complex and difficult to
describe theoretically. In this study, the observed permeate fluxes at steady state is possibly
diminished by osmotic pressure, polarization phenomena and adsorption. The osmotic pressure can be
calculated according to Van't Hoffs equation with assumption that concentration polarization is
limited by stirring. The osmotic pressure for each experiment in Fig. 24 and Fig. 25 is calculated in
order to predict flux decline as summarized in Table 8. The osmotic pressure raises with the increment
of dye concentration as expected. However, the flux decline caused by osmotic flux is negligible. The
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Fig. 24. Permeate flux versus time for RB5 aqueous solution with feed concentration of 1000 ppm
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Fig. 25. Permeate flux versus time for RB5 aqueous solution with different feed concentrations
separated using (a) AOOO/Si, (b) A025/Si and (c) A050/Si at 10 bar.
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Table 8 Estimated osmotic pressure and predicted permeate flux
where J is the permeate flux (L.m-2.bar-\ Jss (L.m-2.bar"l) is the steady-state flux, B (L.m-2.bar"l) is the
constant, K (hr"l) is the time constant and t is the time. The observed permeate fluxes fit into the
kinetic model adequately with relative high R2 as shown in Table 9. The rate constant increased with
increasing dye concentration, pressure and secondary pore volume of membranes.
Membrane LJP CF,dye LtJZ'dye J w J estm Jobs
(bar) (ppm) (bar) (L.m-2.hr-l) (L.m-2.hr-l) (L.m-2.hr-l)
4 250 0.0028 1.98 1.96 1.95
AOOO/Si 10 250 0.0072 4.95 4.93 4.95
10 1000 0.1683 4.95 4.90 4.76
4 250 0.0305 3.32 3.28 3.21
A025/Si 10 250 0.0303 8.26 8.24 7.84
10 1000 0.1006 8.26 8.18 7.18
4 250 0.0297 5.14 5.10 4.38
A050/Si 10 250 0.0270 12.84 12.81 12.06
10 1000 0.1 030 12.84 12.71 10.34
J w= Permeate flux of pure water; J estm= Estimated permeate flux; Jobs= Observed permeate flux
(5)
Table 9 Fitting observed permeate fluxes to kinetic model
L1P CF, dye k B kMembrane
(bar) (ppm) (hr"l) (L.m-2.hr"l)
4 250 1.25 0.06 0.9836
AOOO/Si 10 250 1.40 0.08 0.9648
10 1000 2.14 0.24 0.9782
4 250 2.20 0.30 0.9910
A025/Si 10 250 2.57 0.53 0.9762
10 1000 3.18 1.36 0.9862
4 250 2.50 0.88 0.9622
A050/Si 10 250 2.89 0.82 0.9983
10 1000 3.29 3.86 0.9549
In(J( - J ss ) =InB - Kt
In a dead end stirred cell, polarization is unavoidable and it can only be reduced by stirring
(Scott, 1998). The dye concentration gradually increases at membrane surface as a result of dye
retention. Such a concentration build-up generates a diffusive flow back to the bulk of the feed until
the establishment of steady-state as shown in Fig. 24 and Fig. 25. In addition, the dye concentration in
the permeate stream shows the dye passages from feed side to permeate. Therefore, dye molecules
might have caused adsorptive pore fouling in the membranes. According to the kinetic model
proposed by Wiesner and Aptel (1996), the permeate flux which is affected by concentration
polarization and adsorption can be predicted using Equation 5.











































It is rational to detect synergetic effect of dye concentration and pressure since concentration
polarization and adsorption are enhanced by the dye feed concentration and flux in general (Wiesner
and Aptel, 1996). The increment of rate constant from AOOO/Si to A025/Si and followed by A050/Si
reveals the disadvantages of secondary pores. Besides resulting in more severe concentration
polarization with increasing permeability, the secondary pores also promote the adsorption of dye
molecules on the primary pores. Though, the weakness of bimodal porous membranes can be
improved using modules such as tubular module for future application.
Besides dyes, it is important to understand membrane characteristics 111 inorganic ions
separation especially NaCI. This is because salt is the major component in common textile wastewater
(Allegre et al., 2006). Silica/y-alumina membranes with charged surface provide a rigid ceramic
structure which is able to retain the small salt ions. Unlike dye molecules in the previous study, the
hydrated size of Na+ (0.72 nm) and cr ions (0.66 nm) (Lia et al., 2004, Lin and Murad, 2001) are
much smaller than the pore size of AOOO/Si, A025/Si and A050/Si membranes. Retention of NaCI is
easily affected by variables such as concentration, pressure and pH. The effect of these variables on
salt rejection and permeate flux are studied in this section. The retention of NaCl aqueous solution is
measured as a function of pressure for two salt concentrations using different bi-Iayered membranes.
The results of the study are shown in Fig. 26. In general, the salt rejection decreases when the feed salt
composition increases. The observation can be explained by the Donnan effect regarding a decrease of
membrane surface charge (Tanninen et al., 2007). Besides that, the increment of pressure results in an
improvement of NaCI retention. This is likely owing to the differences between the salt diffusivity and
water permeability through membranes at higher permeate flux (Tanninen et al., 2007). The




























































Fig. 26. Salt retention of (a) AOOO/Si, (b) A025/Si and (c) A050/Si at different pressure for feed
solutions with concentration of 5 mM and 10 mM.
The plots of permeate flux versus pressure for salt separation conducted using AOOO/Si,
A025/Si and A050 membranes are illustrated Fig. 27. The permeate flux increases linearly as the
applied pressure increases. Despite of the presence of salt in feed solution, the permeate flux is close
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This is probably because the salt concentration at 5 mM and 10 mM is relatively low and the effect of
osmotic pressure difference across the membrane is minor (Bowen et at., 1997). Besides that, the
stability in flux is one of the advantages of inorganic membranes over organic membranes as they can
be operated at high pressures without compaction of open pore structure (Skluzacek et at., 2006).
Separation of NaCl at different pH values using silicaly-alumina membrane has been conducted by
Samuel de Lint et al. (2006). In their work, retention of salt is satisfactory in the range of pH 4-10
where silica layer determines retention at pH > 6 and y-alumina layer determines retention at 4 < pH <
5. Fig. 28 shows such characteristic of silica/y-alumina membranes with different porous structures.
As expected, the separation performance is relatively constant for conventional membrane AOOO/Si:
the retention of the two-layer system over the whole pH range varies between 60 % and 70 %. When
y-alumina with bimodal pore size distribution (A025 and A050) is utilized as intermediate layer, the
retention of NaCt reduces with the increment of secondary pore volume. However, the salt retention is
reasonably constant except for pH 4. The retention of NaCt is 54 % and 51 % using membrane
A025/Si and A050/Si respectively.
Fig. 27. Permeate flux of (a) AOOO/Si, (b) A025/Si and (c) A050/Si at different pressure for pure water
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Fig. 28. Mean retention of NaCl with concentration of7.5 mM and various pH values at 10 bar using
different membranes.
For salt separation at pH 5 - 9, all membranes show reasonable permeate fluxes which are
slightly lower than their respective pure water fluxes (Fig. 29). The negligible reduction of the flux is
possibly because that the osmotic pressure difference between the filtrate and the feed solution
adjacent to the membrane surface is low at less concentrated salt solutions. At highly acidic and
alkaline region, permeate flux of salt separation is unreasonably elevated for the bi-Iayered membranes
especially A050/Si. The observation in Fig. 28 of increasing flux at pH 10 could be due to a poor
alkaline stability of the silica membranes. At extremely alkaline stage, dissolution of the top layer
possibly happens; resulting in a reduction of silica layer thickness (Nishiyama et aI., 2003). Thus,
permeate flux for all membranes increase at pH 10. There is likely no increment of pore size as the
retention of NaCl is well maintained at pH 10. Besides dissolution of the silica layer, the increment in
flux at pH 4 might also be caused by the structural changes of the templated silica material. Dobyle
and Hodnett (2003) reported that MCM- 48 changed its pore diameter in acidic conditions (pH < 5.4).
The fine porous structure disappeared at pH 6.9 and further transformed at pH > 9.1. The morphology
changes are likely to influence on the transport properties of the silica layer, causing the poor retention
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Fig. 36 Permeation flux for NaCI separation at 10 bar with feed concentration at 7.5 mM using
different membranes.
Besides the average pore radius (rp) and the ratio of membrane thickness to porosity (~/Ak),
the effective volume charge density (Xd) is another vital parameter to describe membrane
characteristics in the ions separation. A further analysis of effective volume charge density can be
carried out using the salt separation results in order to describe the steric and charge effect upon
rejection behavior. The effective volume charge density of membranes is determined for the neutral
NaCI aqueous solution with different concentrations. The values of effective volume charge density
deduced from real retention versus permeate flux curves are given in Table 10.
Table 10 Effective volume charge density Xd for different bi-Iayered membranes calculated from
NaCI separation with different feed concentrations at pH 7
Membrane CF,salt Xd R2(mM) (mol/m3)
AOOO/Si 5 -183.56 0.970310 -206.71 0.9712
A025/Si 5 -162.30 0.952610 -184.79 0.9660
A050/Si 5 -139.53 0.964810 -172.55 0.9654
The fitting results are satisfactory as R2 for each fitting is relatively high. All silica/y-alumina
membranes (AOOO/Si, A025/Si and A050/Si) possess negatively charged surface in neutral salt
solution with concentration of 5 mM. As mentioned before, the silica layer completely determines the
membrane retention for pH > 6. Thus, bi-Iayered membranes only exhibit negative effective volume























effective volume charge density appears to increase with increasing salt feed concentration. This
behavior is typical of ceramic membranes and results from an enhanced electrostatic screening leading
to an increase of surface ionization (Labbez et al., 2002). It should be also underlined that the effective
volume charge density of bi-Iayered membranes drops when higher secondary pore volume is
introduced in y-alumina layer. This may be related to the reduction of silica density in A025/Si and
A050/Si membranes. The exhibited characteristic is a trade-offfor the permeability enhancement.
The transport mechanism of ions through the bi-Iayered membranes with different secondary
pore volumes is investigated using two-parameter model of ENP Equation. The transport equations of
ions through the membrane account for ionic diffusion and convective flow at electro neutrality
condition (Ahmad and Ooi, 2006). The main objective is to identify the changes of transport
mechanism which are the controlling factor for monovalent ions rejection. Referring to Equation 3.40,
F1 and Roo are concentration and pH dependent and can only be obtained through curve-fitting. Fitting
the rejection-flux curves with the two-parameter model gives the diffusive and convective parameter
for Na+.
(6)
The fitted parameters of F1 and Roo are summarized in Table 11. The R2 of each fitting is well
acceptable. It is observed that the contribution of diffusive flow increases when secondary pore
volume in bi-Iayered membranes is higher. The value of F1 rises from 3.48 x 10 -7 to 13.36 x 10 -7 m/s.
Table 11 Values of F j and Roo for different bi-Iayered membranes calculated from NaCI separation
with feed concentration of 5 mM
Membrane F1 Roo R2(l0-7rn/S)
AOOO/Si 3.48 0.95 0.9976
A025/Si 7.15 0.96 0.9822
A050/Si 13.36 0.93 0.9921
Referring to Table 12, the augmentation is most possibly due to an increment of membrane porosity
which is caused by the silica density reduction.
Table 12 Effect of membrane properties on diffusive and convective flow (Ahmad and Ooi, 2006)
Membrane properties Diffusive Convective Response of r
contribution contribution
Thickness increased Decreased Increased Decreased
Thickness decreased Increased Decreased Increased
Porosity increased Increased Decreased Increased
Porosity decreased Decreased Increased Decreased
Pore size increased Decreased Increased Decreased




This is because membrane thickness and pore size of silica layer rises from AOOO/Si membrane to
I A050/Si membrane as discussed before. For convective flow, the increment of parameter Roo forA025/Si membrane compared to AOOO/Si membrane is insignificant. However, there is a small
I reduction of Roo value for A050/Si membrane indicating greater convective flow. The observation isreasonable as A050/Si membrane is the thickest membrane with enlarged pore size.
I 3.4 RSMfor NF ofDye and Salt Mixture in Aqueous Solution
I RSM adopts both mathematical and statistical techniques for modeling and analysis ofproblems in which responses of interest are influenced by several variables. In Section B.4, RSM with
I
CCD is performed accordance with Table 13. The main objective is to study influence of common
operating conditions on the quality and quantity of permeate when A025/Si membrane is applied in
the NF of dye-salt-water mixture.
I
Table 13 CCD arrangement and responses for NF of dye and salt mixture in aqueous solution
I Factor Response
I Run A B C D E Y1 Y2 Y3Temperature CF• dye CF, salt Pressure Rdye Rsa1t Flux
COC) (gIL) (gIL)
pH (bar) (%) (%) (L.m-2.hr"l)
I I 25.0 1 80 5 5.0 91.43 11.73 3.722 25.0 3 20 5 5.0 94.69 16.32 3.82
I 3 25.0 3 20 9 10.0 97.89 60.45 7.454 25.0 I 80 9 10.0 94.11 29.81 5.455 37.5 2 50 7 7.5 94.87 44.32 6.57
I 6 25.0 3 80 5 10.0 98.15 27.88 6.457 50.0 3 20 5 10.0 98.88 58.23 13.88
8 37.5 1 50 7 7.5 92.88 45.28 7.10
I 9 25.0 2 50 7 7.5 95.12 42.78 4.8910 50.0 3 80 9 10.0 98.22 26.34 12.15
11 50.0 1 80 9 5.0 91.45 12.34 6.35
I 12 25.0 3 80 9 5.0 94.68 10.93 3.6513 50.0 1 20 5 5.0 91.45 20.38 7.26
14 37.5 2 50 7 7.5 93.95 43.26 6.66
I 15 50.0 3 20 9 5.0 95.75 16.45 6.8516 37.5 2 50 5 7.5 95.36 43.76 6.63
17 37.5 2 50 7 7.5 94.75 44.01 6.82
I 18 37.5 3 50 7 7.5 97.27 39.87 6.8319 25.0 1 20 5 10.0 94.12 64.23 7.98
20 37.5 2 80 7 7.5 94.67 25.73 5.56I 21 37.5 2 50 7 5.0 93.65 14.75 5.7822 50.0 1 20 9 10.0 94.23 65.23 13.34






B C D E Y1 Y2 Y3
Temperature CF, dye CF,salt pH
Pressure R dye R sa1t Flux
(0C) (gIL) (gIL) (bar) (%) (%) (L.mo2.hr"l)
25 37.5 2 50 7 10.0 95.44 43.65 10.34
26 50.0 2 50 7 7.5 94.65 44.25 9.12
27 37.5 2 50 9 7.5 94.07 40.63 6.72
28 37.5 2 20 7 7.5 94.32 48.75 6.89
29 50.0 1 80 5 10.0 93.89 29.38 12.03
CF, dye =Feed concentration of dye; CF, s =Feed concentration of salt; Rdye= Retention of dye;
R sa1t= Retention of salt
As shown in Table 13, CCD is composed of five factors: temperature (A), feed concentration of dye
(B), feed concentration of salt (C), pH (D) and pressure (E). The range of factors is selected based on
previous literatures and they are common operating conditions for textile wastewater treatment. The
responses which are of interest in this study are the percentage retention of dye (YI), the percentage
retention of salt (Y2), and the permeate flux (Y3). Simple linear model and quadratic models are used
to represent the significant effect of the operational conditions on the interested responses. It is of
course unlikely that a polynomial model will be a reasonable approximation of the true functional
relationship over the entire space of the independent variable. However, they usually work well for a
relatively small region. The eventual objective of this study is to determine the optimum operating
conditions for the newly developed membrane using these models which is difficult to be
accomplished via one-factor-at-a-time strategy. The optimum operational conditions for the improved
silica/y-alumina membrane (A025/Si) in the NF of dye-salt-water mixture are important for its future
application in textile wastewater treatment. The information leads the module selection and separation
system design rapidly and efficiently along a path of improvement toward optimum condition.
The rejection of dye achieves more than 90 % for all operating conditions and feed
concentrations as shown in Table 13. This is because the molecular weight of dye molecule (MW for
RR120 = 1469.98 Da) is much bigger than MWCO of membrane A025/Si (400 Da) and the retention
is strongly controlled by a sieving mechanism (Akbari et al., 2002). However, the percentage of
decolorization varied slightly with the test conditions, in the range of9l - 99 % as shown in Table 13.
The lowest dye rejection is observed in Run 23 and the highest dye rejection is observed in Run 7.
Without performing statistical analysis, a precise conclusion is difficult to be made on the effect of
process variables on the dye rejection.
The Fisher's "F' test is employed for selecting a suitable polynomial model to fit the observed
dye rejection. Table 14 shows the results of regression calculation and lack of fit test. The linear model

























2FI = 2-factor interaction model; DF = Degree of freedom; F = Fisher; Prob = Probability
Table 14 Results of sequential model sum of squares and lack of fit test for dye rejection


































































Sum of DF Mean
squares square











Linear 3.38 21 0.16
2FI 2.31 11 0.21
Quadratic 1.83 6 0.30
Cubic 0.10 1 0.10
Pure error 0.50 2 0.25
Model 108.69 5 21.73 128.82
A 0.37 1 0.37 2.21
B 72.92 1 72.92 432.1286
C 0.01 1 0.012 0.07
D 0.19 1 0.19 1.11
E 35.20 1 35.20 208.57
Residual 3.88 23 0.17
Lack of fit 3.38 21 0.16
Pure error 0.50 2 0.25
Cor total 112.57 28
Table 15 ANOVA result of response surface linear model for dye rejection
of squares calculation. The results of regression calculation also indicate the model is highly adequate
to represent the observed response. This is because the linear model shows insignificance in the lack
of fit test and relatively high R2 (96.57 %). The results of ANOVA for the linear model are shown in
Table 15.
The operating temperature (factor A), the feed concentration ofNaCI (factor C) and the pH of
feed solutions (D) are considered giving relatively low effect on the dye rejection using the improved
silicaly-alumina (A025/Si) membrane. This is because probability values of these factors (A, C and D)
are more than 0.05. For the NF of aqueous solutions with salt and large dye molecules (> 1000 Da),
there were works reported that dye rejection is unaffected by temperature (Koyuncu et al., 2004b),























Table 16 ANOVA result of response surface reduced linear model for dye rejection
DF =Degree of freedom; F =Fisher; Prob =Probability; Cor Total = Corrected total










Model 108.12 2 54.06 315.63
B 72.92 1 72.92 425.76
E 35.20 1 35.20 205.49
Residual 4.45 26 0.17
Lack of fit 3.95 24 0.16
Pure error 0.50 2 0.25
Cor total 112.57 28
results are reasonable. On the other hand, the feed concentration of dye (factor B) and the operating
pressure (factor E) appear to be the significant factors that affect the variation of dye rejection
percentage in this study because their significant probability values (Prob > F) are smaller than
0.0001. The significant factors are further investigated and discussed later.
The insignificant terms in the linear model are removed and the results of ANOVA for the
reduced model are summarized in Table 16. ANOVA results shows that the reduced linear model for
dye rejection is highly significant in the "F' test. Besides that, the reduced linear model shows
insignificant lack of fit. Both calculations show that the reduced linear model is acceptable from the
statistical point of view to represent the experimental data of dye rejection. Factor B (feed
concentration of dye) and factor E (operating pressure) are significant at 99.99 % confidence level as
they present a probability lower than 0.0001. Comparing the feed concentration of dye and the
operating pressure, the later factor gives lower effect on the dye rejection since it only contributes
31.27 % of the total variance.
The R2 of the chosen model for decolorization at 96.04 % is quite satisfactory. The plot of the
predicted values versus the observed values of dye rejection is shown in Fig. 30. Generally, the
rejection of dye can be easily predicted by the model as the observed values are close to predicted
values. Adjusted R2 which is adjusted for the number of terms in the model is also acceptable as the
reduced model will be expected to explain about 95.73 % of the variability in new data using two
factors. In addition, the predicted R2 of reduced model (96.04 %) is close to the adjusted R2 (95.73 %).
There is no outlier in the data as the difference is less than 20 %. In conclusion, the reduced linear
model is adequate for the observed dye rejection.
The final equations in terms of coded factors (Equation 7) and in terms of actual factors
(Equation 8) are shown as below:
Rdye = 94.71 +2.0B +1.40E (7)
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Fig. 30 Predicted and observed values of dye rejection in percentage.
From Equation 7 and 8, the coefficient with the factor represents the effect ofthe corresponding factor
on the dye retention. It is observed that the dye retention is synergistically affected by the operating
pressure and the feed concentration of dye. There is no dependency of effect one factor on the level of
another factor as the interaction term is absent in the equations.
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In addition, the experiment results can be interpreted from contour plot (Fig. 31 (a» and 3-D
plot (Fig. 31(b» of response surfaces. The reduced linear model does not contain any interaction
terms. Thus, the contours are parallel straight lines and 3-D plot is a plane as the model is first order
with only the main effect of factor B (feed concentration of dye) and factor E (pressure). The plots





B: Cdye (giL) 1.00 5.00 E: Pressure (bar)
Fig. 31 (a) Contour plot and (b) surface response plot for effect of pressure and feed concentration of











































The reduced linear model suggests that better color removal can be obtained for higher feed
concentration of dye in the dye-salt-water mixture. AI-Aseeri et al. (2007) reported similar results but
the results were not further explained. Besides that, the model generated using RSM concludes that the
dye rejection increases slightly with higher operating pressure. Analogous with the finding of this
work, some researchers have reported that increasing the pressure results in a slightly improved dye
rejection (AI-Aseeri et al., 2007, Kim et al., 2005, Koyuncu et aI., 2004b).
The observation in this section cannot be explained by the usual polarization phenomenon
which causes the retention to be lower at higher pressure and feed concentration. This is generally the
case with low molecular weight solutes such as salt and small dye molecules (Ku et al., 2005, Mulder,
1996). However, retention can be higher in the case of macromolecular solutes mixture when
concentration polarization can have a strong influence on the selectivity (Mulder, 1996). It is obvious
that more severe concentration polarization promotes better retention of RR120 due to the high
selectivity of dye molecules compared to salt. Concentration polarization phenomenon increases with
concentration at membrane surface (Cw) which depends on bulk concentration and flux J as shown in
Equation 9 (Mulder, 1996). It is noted that the permeate flux increases with pressure in general
membrane separations. Thus, dye concentration and operating pressure synergistically affect the dye
rejection as concluded by the reduced linear model.
(9)
where Cb is concentration of bulk solution (mol/m3), Rreal is the real rejection of solute and k is the
mass transfer coefficient.
A great variation of salt retention is observed by using NF to separate NaCI and dye molecules
from aqueous solutions. The salt retention varies between 11 % to 65 % depending on the
experimental conditions. This is because salt rejection by silica/y-alumina membranes is strongly
based on electrostatic interactions between the ions in solution and the charged pores of the membrane
(Bellona et al., 2004). Without much sieving effect, the percentage of salt rejection is subjected to the
separation variables. From Table 13, it can be roughly deduced that the pressure (factor E) and the
feed concentration of salt (factor C) affect the rejection of salt from dye-salt-water mixture. However,
the significance of other factors such as dye feed concentration, pH and temperature are undetermined
by looking at Table 13.
In this section, a quadratic model is recommended for the observed salt retention. Table 17
summarizes the results of regression calculations and lack of fit test which show such
recommendation. The quadratic model is significant in sequential model sum of squares and
insignificant in the lack of fit test. However, there are only few factors that should be included in the
quadratic model as shown in the ANOVA results of the quadratic model (Table 18). The significant
52
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Table 17 Results of sequential model sum of squares and lack of fit test for salt rejection
2FI = 2-factor interaction model; DF = Degree of freedom; F= Fisher; Prob = Probability
terms include the main effect of dye feed concentration (B), salt feed concentration (C) and pressure
(E); quadratic effect of salt feed concentration (C2) and pressure (E2); interaction effect of salt feed



































Lack of Fit Test
DF Mean F
square value
Sequential Model Sum of Squares



















Linear 1818.94 21 86.62
2FI 1079.18 11 98.11
Quadratic 27.78 6 4.63
Cubic 14.65 1 14.65
Pure error 0.59 2 0.30
The insignificant terms are removed from the quadratic model to build the reduced quadratic
model for salt rejection. The ANOVA results of the reduced quadratic model are summarized in Table
19. The salt retention is most influenced by factor C (pressure) as this factor contributes 56.83 % of
the total variances. Compared to factor C (pressure) and E (feed concentration of salt), factor B (feed
concentration of dye) gives the smallest effect on the salt retention. The ANOVA results in Table 19
also show that the fitted second order response surface model is highly significant with F-test value of
205.59 (probability < 0.0001). In the lack of fit test, the reduced quadratic model shows insignificant
results which indicates that the model fits the observation well. The reduced quadratic model
possesses high R2 (0.9910). Thus, the predicted salt retention values are close to the observed salt
retention values. The good prediction of the reduced quadratic model for salt retention can be observed
from Fig. 32. The plot of predicted and observed values are near to the linear line y = x. The adjusted
R2 and predicted R2 for the reduced quadratic model is 0.9886 and 0.9822 respectively. A difference
below 0.20 for these values show that the absence of outliers and the adequacy of the model. The
coefficients of each term are calculated to form the equations for the salt retention prediction. The
formula is written in coded terms (Equation 10) and actual terms (Equation 11). However, it is
difficult to determine whether the factor is giving synergistic or antagonistic effect on salt retention.











































concentration and pressure. The perturbation plot for salt retention (Fig. 33) shows a better picture of
the term effect compared to these equations.
Table 18 ANOVA result of response surface quadratic model for salt rejection
Source Sum of DF Mean F Prob>F Remarkssquares square value
Model 7838.00 20 391.90 110.50 < 0.0001 Significant
A 0.01 1 0.01 0.002 0.9640
B 52.47 1 52.47 14.80 0.0049
C 1895.79 1 1895.79 534.54 < 0.0001
D 0.04 1 0.04 0.01 0.9138
E 4098.52 1 4098.52 1155.63 < 0.0001
A2 11.33 1 11.33 3.19 0.1117
B2 3.58 1 3.58 1.01 0.3442
C2 41.76 1 41.76 11.78 0.0089
D2 1.67 1 1.67 0.47 0.5114
E2 363.09 1 363.09 102.38 < 0.0001
AB 1.83 1 1.83 0.52 0.4925
AC 0.05 1 0.05 0.01 0.9086
AD 0.03 1 0.03 0.01 0.9326
AE 1.30 1 1.30 0.37 0.5624
BC 7.52 1 7.52 2.12 0.1835
BD 0.02 1 0.02 0.01 0.9362
BE 2.38 1 2.38 0.67 0.4363
CD 0.65 1 0.65 0.18 0.6796
CE 725.73 1 725.73 204.63 < 0.0001
DE 0.25 1 0.25 0.07 0.7981
Residual 28.37 8 3.55
Lack of fit 27.78 6 4.63 15.59 0.0615 Not
significant
Pure error 0.59 2 0.30
Cor total 7866.37 28
DF = Degree of freedom; F = Fisher; Prob = Probability; Cor total = Corrected total
Table 19 ANOVA result of response surface reduced quadratic model for salt rejection
Source Sum of DF Mean F Prob > F Remarks
squares Square value
Model 7795.89 6 1299.31 205.59 <0.0001 Significant
B 52.47 1 52.47 16.38 0.0005
C 1895.79 1 1895.79 591.78 < 0.0001
E 4098.52 1 4098.52 1279.38 < 0.0001
C2 19.55 1 19.55 6.10 0.0217
E2 371.64 1 371.64 116.01 < 0.0001
CE 725.73 1 725.73 226.54 < 0.0001
Residual 70.48 22 3.20
Lack of fit 69.88 20 3.49 11.76 0.0812 Not
significant
Pure error 0.59 2 0.30
Cor total 7866.37 28
DF = Degree of freedom; F = Fisher; Prob = Probability; Cor total = Corrected total
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.2396 2 2RNaCI = 42.49-1.71B-10.26C+ 15.09x10· C -1O.43E -6.73CE
Fig. 32 Predicted and observed values of salt retention in percentage.
RNaCI = -116.47760 -1.70736CF, dye+0.59731CF,NaCI +35.56542(Pressure)
-2.65911x10·3(CF,Nac/-1.66931 (Pressure/
-0.089798(CF, NacJ(Pressure)
The perturbation plot is helpful in comparing the effect of all the factors at a particular point in
the design space. The response is plotted by changing only one factor over its range while holding of
the other factors constant. By default, the reference point in the graph is at the midpoint (coded 0) of
all the factors as shown in Fig. 33. Steep slopes ~re found in a factor E (pressure) and C (feed
concentration of salt). This observation shows that the salt retention is sensitive to the changes of
pressure and salt feed concentration. A relatively flat line in factor B (feed concentration of dye)
shows insensitivity of salt removal to the change in dye feed concentration. From Fig. 33, it is
remarked that the feed concentration of dye and salt give antagonistic effect on the salt retention while
the pressure gives a synergistic effect on the salt retention. However, the plot is like "one factor at a
time" experimentation and does not show the effect of interactions. The antagonistic effect of salt
concentration on the salt retention percentage can be related to the principle of Donnan equilibrium.
Repulsive force of the ceramic membrane (negatively charged) decreases with increasing salt
concentration due to higher concentrations of Na+ cations on the membrane surface. Overcoming the
repulsive force also allows more cr anions to pass through the membrane. More salt permeate through
the ceramic membrane at higher NaCI feed concentration, and this lowers the salt rejection
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Fig. 33 Perturbation plot for permeate flux.
Specifically, the reduction in salt retention is possibly due to the concentration polarization
phenomenon. For aqueous solution with high concentration of salt and dye, the effect of concentration
polarization is unavoidable in NF (Koyuncu and Topacik, 2002). Due to the increased solute
concentration at the membrane surface, the observed retention will be lower than the real retention.
Thus, increasing the concentration of salt and dye in the feed solution results a lower salt retention.
The range of dye feed concentration (l - 3 giL) is far lower than salt feed concentration (20 - 80 giL)
in the design space. Consequently, the main effect of the dye feed concentration on the salt retention is
less significant compared to the feed concentration of salt.
It is noted that the salt rejection improved with increasing flux because the chloride salts
retention is enhanced by convection mechanism as flux increases (Bowen and Mohammad, 1998).
Pressure is one of the main driving forces for flux so it is reasonable to have positive main effect of
pressure on the salt retention. The synergetic effect of pressure on the salt retention, however, is
limited by the quadratic effect of pressure. At higher flux, the rejection of salt decreases slightly due to
more severe concentration polarization. Besides that, the interaction term of pressure and the feed
concentration of salt can be explained by the occurrence of osmotic pressure. Osmotic pressure
depends on the difference of salt concentration over the membrane as stated in Van't Hoff equation.
The osmotic pressure increases with the salt feed concentration and it results in a lower rejection of
salt.
Fig. 34 shows the effect of two factors, pressure and feed concentration of salt when the feed
concentration of dye is 2 gIL. As observed from Fig. 34, a combination of high pressure and low salt
feed concentration lead to great rejection of salt. The operating pressure should be set higher than 7.5







































C: CNaCI (gIL) 35.0 6.25E: Pressure
20.005.00 (bar)
Fig. 34. (a) Contour plot and (b) surface response plot for effect of pressure and feed concentration of
salt on salt rejection (Cdye =2 gIL).
The effect of dye feed concentration on the salt retention is illustrated in Fig. 35. From Fig.
35, it is obvious that salt retention is strongly affected by the pressure compared to dye feed
concentration. This is because variation of salt retention is small even there are changes of dye
concentration for pressure higher than 7.5 bar. High salt retention can be achieved at low feed
concentration of salt and high pressure.
Fig. 35 (a) Contour plot and (b) surface response plot for effect of pressure and feed concentration of























Table 5.20 Results of sequential model sum of squares and lack of fit test for permeate flux
2FI =2-Factor interaction model; DF =Degree of freedom; F =Fisher; Prob =Probability
In the current design space, the effect of dye feed concentration on the permeate flux is
negligible. The ANOVA results of the quadratic model (Table 21) confirm that the p-value (Prob > F)
of factor B (the feed concentration of dye) is greater than 0.05 which indicates the insignificance. The
rest of the factors (A, C, D and E) show significant main effect on the permeate flux. The significant
quadratic terms and interaction terms are C2, E2, AE, BE and CEo The insignificant terms are removed
from the quadratic model to improve the model precision. However, the BE term shows insignificance
in the reduced quadratic model (Table 22). The final quadratic model contains only A, C, D, E, C2, E2












































Sequential Model Sum of Squares











Linear 18.5418 21 0.88
2FI 6.800673 11 0.62
Quadratic 0.233217 6 0.04
Cubic 0.055831 1 0.06










Among the dependent variables, permeate flux is the most sensitive response. This is because
the permeate flux is affected by the operating pressure, the viscosity of feed solution, the osmotic
pressure, the membrane resistance, the phenomenon of concentration polarization and the membrane
fouling. The susceptible characteristic of permeate flux explains the great deviation of the observed
permeate flux in Table 13. The difference between the highest flux (13.88 L.m-2.hr-1 in Run 7) and the
lowest flux (3.65 L.m·2.hr"l in Run 12) is as much as 73.70 %.
In the results of sequential model sum of squares, a quadratic model is advised. A small p-
value (Prob > F) indicates that adding interaction terms and quadratic terms into the linear model has
improved the model (Table 20). The quadratic model is sufficient to represent to the observed
permeate flux as it is insignificant in the lack of fit test. The R2 of the quadratic model (0.9986) is the











































Table 21 ANOVA result of response surface quadratic model for permeate flux
Source Sum of DF Mean F Prob>F
squares square value Remarks
Model 208.17 20 10.41 313.89 < 0.0001 Significant
A 88.83 1 88.83 2678.78 < 0.0001
B 0.004 1 0.004 0.12 0.7376
C 5.23 1 5.23 157.64 < 0.0001
D 0.27 1 0.28 8.31 0.0204
E 95.53 1 95.53 2880.82 < 0.0001
A2 0.07 1 0.07 2.08 0.1876
B2 0.04 1 0.04 1.20 0.3047
C2 0.92 1 0.92 27.75 0.0008
D2 0.06 1 0.06 1.95 0.1998
E2 3.68 1 3.70 110.93 < 0.0001
AB 0.001 1 0.001 0.04 0.8503
AC 0.03 1 0.03 0.80 0.3981
AD 0.04 1 0.04 1.10 0.3254
AE 9.60 1 9.60 289.40 < 0.0001
BC 0.13 1 0.13 4.04 0.0791
BD 0.16 1 0.16 4.96 0.0566
BE 0.18 1 0.18 5.54 0.0465
CD 0.02 1 0.02 0.50 0.5005
CE 1.43 1 1.43 43.03 0.0002
DE 0.16 1 0.16 4.68 0.0626
Residual 0.27 8 0.03
Lack of fit 0.23 6 0.04 2.42 0.3206 Not significant
Pure error 0.03 2 0.02
Cor total 208.44 28
DF = Degree of freedom; F = Fisher; Prob = Probability; Cor total = Corrected total
The ANOVA results of the final quadratic model are summarized in Table 23. The "Lack of
Fit F-value" of 3.85 implies the phenomenon lack of fit is not important relative to the pure error
therefore the final quadratic model is expected to fit the observed permeate flux well. The plot of
predicted and observed permeate flux values is illustrated in Fig. 36. The values is closed to the line y
= x as the final quadratic model possesses great R2 of 0.9945. The final quadratic model is expected to
explain new data well since the predicted R2 achieves 0.9871 which is relatively high. Based on the
number of terms in the final quadratic model, the value of adjusted R2 is calculated at 0.9923. The
























Table 22 ANOVA result of response surface reduced quadratic model for permeate flux
Source Sum of DF Mean F Prob > F Remarks
squares square Value
Model 207.48 9 23.05 456.51 < 0.0001 Significant
A 88.83 1 88.83 1759.02 < 0.0001
C 5.23 1 5.23 103.51 < 0.0001
D 0.28 1 0.28 5.46 0.0306
E 95.53 1 95.53 1891.69 < 0.0001
C2 1.06 1 1.06 21.02 0.0002
E2 5.59 1 5.60 110.68 < 0.0001
AE 9.60 1 9.60 190.03 < 0.0001
BE 0.18 1 0.18 3.64 0.0718
CE 1.43 1 1.43 28.25 < 0.0001
Residual 0.96 19 0.05
Lack of fit 0.93 17 0.05 3.40 0.2509 Not significant
Pure error 0.03 2 0.02
Cor total 208.44 28
DF = Degree of freedom; F = Fisher; Prob = Probability; Cor total = Corrected total
Table 23 ANOVA result of response surface final quadratic model for permeate flux
Source Sum of DF Mean F Prob > F Remarks
squares square value
Model 207.30 8 25.91 453.37 < 0.0001 Significant
A 88.83 1 88.83 1554.20 < 0.0001
C 5.23 1 5.23 91.46 < 0.0001
D 0.28 1 0.28 4.82 0.0401
E 95.53 1 95.53 1671.42 < 0.0001
C2 1.06 1 1.06 18.57 0.0003
E2 5.58 1 5.59 97.79 < 0.0001
AE 9.60 1 9.60 167.91 < 0.0001
CE 1.43 1 1.43 24.96 < 0.0001
Residual 1.14 20 0.06
Lack of fit 1.11 18 0.06 3.85 0.2259
Not
significant
Pure error 0.03 2 0.01
Cor total 208.44 28
DF = Degree of freedom; F = Fisher; Prob = Probability; Cor total- Corrected total
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Equation 12 and Equation 13 are the equations for the permeate flux prediction using the final
quadratic model in coded terms and actual terms respectively. The perturbation plot (Fig. 37) shows
that the temperature (factor A) and the pressure (factor E) give synergetic effect on the permeate flux.
On the other hand, the feed concentration of salt (factor C) and the pH of feed solution antagonistically
affect the permeate flux. It is obvious that the permeate flux is mainly affected by the changes of
pressure and temperature. The variation of the feed solution pH in the range 5 to 9 seem to give little
effect on the permeate flux. In this pressure driven process, it is reasonable to observe the greatest
synergetic effect of pressure on the permeate flux. On the other hand, varying the pH of feed solutions
results only in small changes of permeate flux. The increasing of permeate flux is possibly due to
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Fig. 37. Perturbation plot for permeate flux.
The dependence of permeate flux on solution temperature has been studied and reported by
several previous researchers (Koyuncu et al., 2004b, Ku et al., 2005, Xu and Spencer, 1997a). A
possible explanation is that the dynamic viscosity of dye-salt-water mixture declines with elevated
solution temperature. The reduction of dynamic viscosity promotes the diffusion rate through the
membrane and results in the increment of permeate flux. The effect of temperature on the permeate
flux also depends on the level of pressure as temperature increase in a pressurized separation cell.
At higher salt concentration in the feed solutions, the permeate flux decreases significantly.
The observation may be due to the growing resistance originating from concentration polarization (Al-
Aseeri et al., 2007). Besides that, the opposing effect of interaction term (CE) on the permeate flux is
possibly caused by osmotic pressure. Osmotic pressure is unavoidable in this design space as the
concentration of salt in the feed solution is relatively high (20 - 80 giL). The increment of salt
concentration causes the rise of osmotic pressure so the effective pressure becomes lower (Koyuncu et
al., 2004a). The permeate flux is eventually reduced as the actual driving force becomes lesser.
Consequently, the effect of pressure on the permeate flux depends on the salt concentration in the feed
solutions.
Contour plots and surface response plots for the predicted permeate flux are illustrated in Fig.
38, Fig. 39 and Fig. 40. All plots show the changes of the permeate flux based on the variation of two
factors while other factors are held at middle level. It is observed that high permeate flux is achieved
by operating membrane separation of dye-salt-water mixture at high temperature and pressure. The
addition of salt into the feed solution results in relatively low permeation which is undesirable. For the
range of salt concentration 20 - 80 giL, it is preferable to set the operating pressure to be higher than






































than 7.5 bar will cause an extremely low permeate flux. From Fig. 40, adjusting pH to acidic phase















Fig. 38. (a) Contour plot and (b) surface response plot for effect of pressure and temperature on






B: CF, NaCl (giL) 20.00 5.00E: Pressure (bar)
Fig. 39. (a) Contour plot and (b) surface response plot for effect of pressure and feed concentration of























Fig. 40. (a) Contour plot and (b) surface response plot for effect of pressure and on pH on permeate
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From the contour plots (Fig 30, 33, 34, 37, 38 and 39) of dye retention, salt retention and
permeate flux, it is obvious that the stationary point does not exist in the common operating range.
There is no reason for further search of the stationary points as it is not realistic to operate the
separation process out of the common operating conditions. Factors such the salt feed concentration
and the dye concentration varies in the range from time to time as they are end-of-pipe waste. A
further increment of operating pressure and temperature definitely results in an excessive cost. For
achieving long life span of ceramic membrane, the pH of feed solutions should not be adjusted to
extremely acidic or alkaline. This study involve a ridge system, in particular, are fairly common.
For multiple responses (Rdye, Rsa1t and permeate flux), it is necessary to determine a set of
operating conditions that in some sense optimizes all responses or at least keeps them in desired
ranges. Overlaying the contour plots for responses is a relatively simple approach to optimize several
responses that works well when there are only a few process variables. This straightforward method
becomes awkward when there are more than three design variables. A lot of trial and error is often
required to decide the constant factors and the levels of factors for achieving the best view of the
surface. Therefore, there is practical interest in more formal optimization methods for multiple
responses. A popular approach is to formulate and solve the problem as a constrained optimization
problem.
In general, NF membranes are used to decolorize the textile wastewater which mainly consists
of salts and dyes. The highly concentrated dye solution is later recycled back to the dyeing process to
reduce the amount of water mixture. However, the importance of achieving dye retention is lower as











































techniques that can be used to determine the optimum operation conditions. They are referred to as
nonlinear programming methods. The Design Expert software package calculates the desired solution
by using a direct search procedure. The possible solutions are shown in Table 24. Using the first
solution in Table 24, the experiment (4 replications) is carried out to verify the models in Section 5.5.
The average dye retention is 98.65 % and the average salt retention is 25.76 %. Meanwhile, the
permeate flux is as high as 12.05 L.m·2.hi!. The experiment result shows that the predicted values are
close to the experimental values with error less than 2 %.
Table 24 Solutions for optimum operation conditions of dye-salt-water separation using A025/Si
No. T CF,dye CF,salt pH
p Rdye R sa1t Flux Desirability(OC) (giL) (gIL) (bar) (%) (%) (L.m·2.hi!)
I 50.0 2.94 80.00 5.0 10.0 98.01 26.15 12.12 0.7871
2 50.0 3.00 80.00 5.9 10.0 98.10 26.20 12.00 0.7837
3 50.0 2.94 80.00 5.0 10.0 97.98 26.38 12.02 0.7808
4 43.4 3.00 80.00 5.8 10.0 98.11 26.17 10.44 0.7173
5 50.0 3.00 56.78 5.5 8.7 97.39 42.44 10.70 0.5699
6 50.0 2.98 48.43 6.0 5.0 95.29 15.47 7.30 0.5659
7 50.0 2.98 65.74 5.3 5.0 95.29 12.78 7.06 0.5622
8 50.0 3.00 41.26 9.0 5.0 95.32 16.09 7.13 0.5524
9 50.0 3.00 61.85 8.9 5.0 95.32 13.40 6.94 0.5509
10 50.0 2.98 79.95 5.0 7.0 96.40 26.06 7.55 0.5439
For a high desirability of maximum dye retention, minimum salt retention and maximum flux,
the separation process has to be operated at high pressure and temperature. If the feed concentration of
salt is low, a lower pressure is required to achieve a low salt retention. However, the permeate flux
suffers a great reduction as the prediction flow rate is less than 10 L.m·2.hr·!. The optimal conditions
which determined using dead-end flow experiments are useful for the future application of A025/Si
membrane in the textile wastewater treatment. The information leads the engineers rapidly and
efficiently along a path of improvement towards the general vicinity of the optimum condition when
other membrane module is employed. Once the region of the optimum has been found, a more
elaborate model, such as the extended Spiegler-Kedem model may be employed to ensure further
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